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Summary. The challenge of combining two interesting structural principles, being form
active structures and bendingactive structures, into a transformable configuration is 
investigated through a case study. The aim is to obtain a structurally efficient (quasi)self
supporting structure with a minimum of external connection points, retaining the membrane 
pretensioned in all the phases of the deployment.  
This paper describes the conceptual design and the structural analysis of a kinematic 
bendingactive membrane structure. The membrane is tensioned in a hyperbolic paraboloid 
ring, which serves as the bendingactive boundary. Keeping the two lower points fixed at 
ground level and pushing the two upper points towards each other, the structure is 
transformed into its curled (closed) state. At different intermediate points on the ring bending
active beam elements are positioned, keeping the membrane tensioned when folding.  
A numerical model serves as a design and calculation tool, used to (i) study the influence 
of different membrane materials and varying prestress ratios, (ii) improve the kinematic 
deployment and (iii) dimension the bendingactive boundary elements.  
1 INTRODUCTION 
1.1 Kinematic formactive structures (KFAS) 
Flexibility and adaptability are gaining interest in today’s architecture. New kinematic 
principles and innovative flexible systems are intensely investigated, allowing transformations 
in function of the current needs. The inherently high flexibility and the high strengthto
weight ratio of lightweight technical textiles offer great potential for the integration in these 
kinematic systems to construct adaptable structures, such as roof coverings or façade systems. 
Previous research at the Vrije Universiteit Brussel (VUB) has intensively investigated the 
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structural behaviour of a deployable membrane rhomb, being a part of the ContexT 
demonstrator1.  This integrated design and analysis has proven to be a very interesting study, 
concluding that the use of KFAS has great potential.  
 
  
Figure 1: Deployment of a KFAS  experimental setup performed at the VUB for a full scale structural analysis 
through manual observation, load measurement and strain visualisation with Digital Image Correlation (based on 
the demonstrator of the ContexT project1) 
1.2 Bendingactive structures 
Bendingactive structures can be described as curved beam and surface structures that base 
their geometry on the elastic bending of initially flat elements2,3. The beam and plate elements 
are formed by means of controlled elastic deformation, in order to obtain the desired resulting 
geometry. This results in residual bending stresses in the bent elements, also called the pre
stress4.  
 
Figure 2: Example of an elastic deformation of a beam element in Sofistik ©  
1.3 Textile hybrids 
Combining bendingactive elements with textile materials offers great possibilities to 
create innovative designs and structurally efficient hybrid structures, introducing an important 
increase in structural stability under loading5,6. Furthermore, the integrated bendingactive 
elements can not only serve as a supporting structure, but also as a shapedefining structural 
element. Therefore the number of external supports can be reduced compared to traditional 
membrane structures. 
 
When adding the kinematic aspect of the abovementioned KFAS, another interesting 
typology arises where flexible beam elements are actively integrated in the transformable 
membrane structure. The bending of the elements is here used as a controlling mechanism to 
avoid a loss of tension during the deployment.  
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2 TOWARDS A NEW CONCEPTUAL DESIGN  
The two main design considerations are: 
        


           

 
Inspiration for interesting case studies can be found in movements in nature, such as 
movements from plants and plant organs7. The next step is to investigate how these 
transformable biological principles can be translated into an integrated and engineered 
lightweight system of bendingactive elements and a pretensioned membrane. Exploring 
various configurations and different positions of internal flexible elements through small 
physical models allows to gain more insight and to improve the structural behaviour while 
(un)folding the structure. 
 
Figure 3: Movements inspired by nature7 
 
Figure 4: Smallscale physical model of a bendingactive ring with a pretensioned membrane and ‘reinforced’ 
with an internal bendingactive beam element. 
 
For this research, a seemingly simple ‘chips’ structure is investigated, consisting of a 
bendingactive ring with a membrane tensioned inside the ring, forming a selfstabilizing 
system. The questions remains: under which conditions can we transform this structure within 
the intended range and how can we improve its structural response under during all the phases 
of the deployment? 
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3 A PARAMETER STUDY TROUGH A FEM ANALYSIS 
3.1 Finite Element Model 
Software. The design and analysis of adaptable textile hybrids can be seen as an iterative 
process consisting of several steps, including the formfinding of both membrane and bending
active elements and the actual transformation of the structure.  
The FEM analysis is performed in Sofistik©, in which the formfinding of the membrane is 
performed using the transient stiffness method and thus includes a temporary reduction of the 
elastic stiffness of the membrane elements8. Geometrical nonlinear computations allow 
implementing the high elastic deformations in the structure.  
Furthermore, the software allows incremental loading on or deformation of the KFAS. At 
each load step the calculation is starting from the primary load case and thus incorporates the 
previous resulting stress state9.  
For this numerical model, a simple linear orthotropic plane stress material model is used. 
The formula (1) describes the stressstrain relationship, where Ew and Ef are the Emoduli in 
respectively warp and weft (fill) direction [MPa], ν are the Poisson’s coefficients [], G the 
shear stiffness [MPa], ε the strains [] and σ the stresses [MPa]. 

(1) 
Materials and sections. The bendingactive elements are modelled as glass fibre 
reinforced polymer (GFRP) sections. Table 1 contains the used material properties, according 
to the Fiberline Composites design manual10. Depending on their function and position, 
hollow circular or rectangular sections are generated. The two different membrane materials 
modelled for this parameter study are (1) a PVCcoated polyester fabric – with a breaking 
strength of 4000 N/5cm for both warp and weft direction – and (2) a more stretchable PU
coated polyester fabric – with a breaking strength of 400 N/5cm in warp and 300 N/5cm in 
weft direction (respectively T2107 and F5637 from Sioen11).  
 
Table 1: Used reference material parameters 
 Ew (MPa) Ef (MPa) νwf () νfw () G (MPa) t (mm) 
PVCcoated polyester fabric 923 794 0.37 0.32 37 0.83 
PUcoated polyester fabric  9 9 0.8* 0.8* 3.54 0.43 
  
 E0 (MPa) E90 (MPa) ν0 () ν90 () G (MPa)  
GFRP  25000 8500 0.23 0.09 3000  
Their material properties were obtained through biaxial testing, following the MSAJ12 
protocol. The shear stiffness is determined by means of a bias extension test13. It should be 
noticed that the basic settings of Sofistik only allow Poisson’s ratios ≤ 0.5, thus the stretchable 
material is modelled using a Poisson’s ratio of 0.5 for both directions instead of 0.8 (*). 
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Geometry and constraints. A hollow circular GFRP rod (d=18mm, t=1.5mm) is bent to 
form a circular ring with a diameter of 1m. Figure 5 shows that two opposite points are fixed 
at ground level, where one of the points is fully fixed (translational) and the other point is 
freed in xdirection, allowing a translation along the xaxis during the transformation of the 
system. The position wherein the loads or displacements are applied, are at the two other 
quadrant points, later called the ‘loading points’. The fibres of the membrane are aligned 
along the x and ydirection, as indicated in Figure 5.  
 
 
Figure 5: Dimensions and structural system 
 
In order to improve the structural behaviour, i.e. to avoid excessive loss of pretension when 
folding the membrane structure, internal bendingactive elements are integrated in the model. 
An example can be found in Figure 7. 
 
Formfinding and loading. Before performing the formfinding, a very small vertical out
ofplane load (thus in Zdirection) of 0.01 kN is applied in the loading points in order to 
obtain an initially slightly curved ring (see Figure 6 and Figure 7).  
Afterwards, the formfinding of the combined system is performed, temporarily reducing 
the membrane stiffness, as explained above. At this step the desired prestress is applied. The 
initial prestress in both the PU coated membrane – with a thickness of 0.43 mm – and the 
PVC coated membrane – with a thickness of 0.83 mm is set to 0.5 kN/m in both x and y
direction. This results in an initial stress state of 1.16 MPa for the PUcoated polyester and 
0.60 MPa for the PVcoated polyester. When comparing both materials, the stresses are 
visualized in kN/m instead of in MPa to allow a better comparison (e.g. Figure 9).  
Finally a load is applied in the loading points, introducing the closing of the ‘chips’. An 
equal load of 100 N is applied vertically (upward loading along the zaxis) and horizontally 
(inward loading along the yaxis), incrementally with a load step of 5 N. 
It should be noticed that in this stage of the research no external loads, like e.g. wind and 
snow, are taken into account. For the sake of this parameter study, the only imposed loading 
is the transformation of the structure. Of course, analysis under loading should definitely be 
taken into account in the final design. 
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Figure 6: Structural model: before and after prebending 
 
Figure 7: Structural model with an internal bendingactive element: before and after prebending 
3.2 Studied parameters 
In order to improve the structural response of the bendingactive kinematic formactive 
membrane structure during the transformation, the influence of a series of parameters is 
investigated. In this study, the influence of the following parameters is investigated: 
(i) comparison of the used materials 
(ii) influence of symmetric or asymmetric (orthotropic) properties 
(iii) applied prestress and prestress ratio 
(iv) implementing extra BA elements  
 
4  RESULTS AND DISCUSSION 
4.1 Comparison of the reference materials 
First off all, the comparison between the structural response of the PVCcoated polyester 
(T2107) and the stretchable PUcoated polyester (F5637) is made. As expected, the more 
flexible PU material allows a lot more deformation for the same applied loads. At an applied 
resultant force of 70.7 N, the loading points move 94.6 mm upwards (in positive zdirection) 
and 11.2 mm inwards (in ydirection) for the flexible membrane, while only 58.7 mm 
upwards and 4.81 mm inwards for the stiffer membrane material.  
 
 
 
Figure 8: Membrane stress (MPa) at a load of 70.7 N in both x and ydirection (left) T2107 and (right) F5637 
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At this load step, areas with zero stress occur in the T2107 fabric (see Figure 8). This loss 
of prestress results in a loss of structural stability and wrinkles appear. The better option for 
this small scale transformable structure would clearly be to use the flexible F5637 material. 
 
 
Figure 9: Stress evolution in MPa (left) and in kN/m (right) in the centre of the membrane  T2107 vs. F5637 
 
4.2 Asymmetric membrane properties and fibre orientation 
The complex architecture of textile materials brings along a wide variety of possible elastic 
properties in function of the used fibres, ‘weaving’ type and coating, often resulting in 
different properties in warp and weft direction.  
In this section the influence of asymmetric Emoduli is investigated. Taking the F5637 
flexible membrane material as a reference, the Emodulus in the x and ydirection is 
alternatively lowered (half of the initial Emodulus of 9.5 MPa). An important consequence is 
the adjustment of the Poisson coefficients. As the stiffness matrix (eq. (1)) should be 
symmetric, the membrane properties have to comply with the following reciprocal 
relationship:  
 
(2) 
Lowering one of the Emoduli to 4.75 MPa implies thus that the corresponding Poisson’s 
ratio should be lowered to 0.25 instead of 0.5 (as the maximum Poisson coefficient in the 
Sofistik model is 0.5).  
Three cases are investigated. In a first one, the Young moduli in both x and y direction 
are 9.5 MPa, in a second case is the Ex is kept at 9.5 MPa and the Ey is lowered to 4.75 MPa, 
in the third case, the Ex is lowered to 4.75 MPa while the Ey is kept at 9.5 MPa. Table 1 
summarizes the results for the three different cases. The first case (Ex = Ey) shows that 
pushing the two loading points of the membrane structure towards each other (along the y
axis) results in more rapidly decreasing stresses in ydirection compared to the xdirection, 
where the sliding support can move freely along the xaxis.  
 
Comparing the PUcoated polyester with the PVCcoated polyester, confirmed that a 
membrane material with a lower Emodulus in both directions – formfound at the same 
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prestress level –  has proven to remain longer tensioned when folding the ring (see section 
4.1). Case 2 (Ex > Ey ) and case 3 (Ex < Ey) now investigate the influence on the stress 
evolution when lowering the Emodulus of one of the fibre directions, starting from reference 
case 1 (Ex = Ey). Lowering Ey not only improves the stress in ydirection, but also limits the 
stress decrease in xdirection. The membrane with an Ex bigger than the Ey, results thus in a 
better preserved stress state, i.e. the loss of prestress is reduced when closing the ring. 
Likewise, lowering Ex improves both the stress evolution in x and ydirection, but proves to 
be less effective than case 2.  
 
Table 1: Stresses and deformations at a resultant force of 304 N 
 Ex = Ey Ex > Ey Ex < Ey 
Stress x [MPa] 
   
Stress y [MPa] 
   
Displ. X (support) 60.75 mm 70.12 mm 85.43 mm 
Displ. Y (loading pts) ±83.64 mm ±97.24 mm ±87.90 mm 
Displ. Z (loading pts) +262.3 mm +281.6 mm +281.3 mm 
 
 
Moreover, the folding of the chips, i.e. the transformation of the loading points, is more 
pronounced in this second case (Ex > Ey), as the displacement in ydirection (inward 
movement of the loading points) and in zdirection (upward movement of the loading points) 
are significantly higher than the reference case 1 and also slightly better than case 3.  
 
4.3 Varying prestress 
A lower prestress of course results in a lower initial stress state, whereby the zero stress 
zones occur at a smaller applied load and thus a less curved ‘limit’ shape is obtained. 
Logically, the higher the prestress, the longer the membrane will be (acceptably) tensioned 
during folding. It is important to check if the maximal stresses and strains in the membrane 
and the beam elements do not exceed their limits. Furthermore, the corresponding level of 
1
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9
 
0
.1
9
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displacement of the loading points should be checked, as the aim is to obtain a nicely 
transformable formactive structure, i.e. with a high level of deployability without excessive 
loss of prestress. 
Figure 10 plots the stresses (left) and the displacements of the loading points in y and z
direction (right) in function of the applied load. The figure shows indeed that with a prestress 
of 0.3 kN/m the zero stress zones already occur at a load level of 250 N, whereas with a 
prestress of 0.7 kN/m the membrane is still properly tensioned. Furthermore, the figure shows 
that the influence of the prestress in the membrane only has a slight influence on the 
deployment behaviour of the chips. The displacements are thus mainly controlled by the 
bendingactive ring and its dimensions. 
 
Figure 10: Stress evolution (left) and level of displacement of the loading points (right) for a prestress of 0.3, 0.5 
and 0.7 kN/m 
 
Alternately, one of both prestress values is increased to 0.65 kN/m, while in the other 
direction the prestress is kept on 0.5 kN/m. Applying an asymmetric prestress influences the 
formfinding geometry. A bigger prestress in xdirection for example, results in an elliptical 
shape with the smallest dimension along the xaxis.  
 
 
Figure 11: Stress evolution (left) and level of displacement of the loading points (right) for an asymmetric 
prestress: (P1) 0.5 kN/m x, 0.5 kN/m y; (P2) 0.65 kN/m x, 0.5 kN/m y; (P3) 0.5 kN/m x, 0.65 kN/m y 
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Figure 11 shows that increasing the prestress in xdirection (P2) not only improves the 
stresses in xdirection during the deployment, but also the stresses in ydirection are higher 
towards the end of the folding, compared with case P1 with a prestress of 0.5 kN/m in x and 
ydirection. The case with a higher prestress in ydirection (P3) on the contrary, slightly 
improves the stress in ydirection, but the stresslevel in xdirection decreases with 
approximately the same rate. Also the deformation of the structure is more favourable with an 
increased prestress in xdirection (P2), showing higher displacements of the loading points.  
Finally, a comparison is made with a prestress of 0.65 kN/m in both directions. Compared 
to the case P2 (with 0.65 kN/m in x and 0.5 kN/m in ydirection) the stress in xdirection has 
slightly decreased and in ydirection slightly increased, resulting in a more uniform stress 
distribution, however also in a smaller deformation.  
 
4.4 Implementing internal bendingactive elements 
A rectangular beam element is implemented in between the two loading points, restricting 
the loss of prestress in y direction during the folding process (Figure 12).  
Table 2 compares the stress states with and without an internal beam element, with a 
prestress of 0.5 kN/m in both directions. It clearly shows the improvements in ydirection, 
keeping the membrane more tensioned without compromising on the level of displacement, 
meaning that the loading points show equal displacements in both y and zdirection. At the 
lower load levels (thus when the structure is almost not folded), the xdirection tends to lose 
more tension than without the internal beam element. This can be due to the internal beam 
element (initially) pushing the two loading points outwards (ydirection), whereby the sliding 
support moves slightly inwards (negative xdirection).  
 
Figure 12: Folding the bendingactive membrane structure, with and without internal beam element. 
 
The implementation of internal bendingactive elements that bend in the direction of the 
lowest resulting stress in order to force the membrane to stretch more, clearly shows its 
potential. In a future step, different positions and combinations of internal bendingactive 
elements should be investigated numerically and experimentally. 
 
5 CONCLUSIONS 
This study investigated the influence on the membrane pretension of some design 
parameters of a transformable circular membrane with flexible bendingactive boundaries. 
The research shows the impact of small changes and highlights the high complexity of 
designing transformable membrane structures with integrated bendingactive elements.  
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Table 2: Stress evolution during the deployment, with and without internal beam element 
 Without internal beam With internal beam 
Load Stress x [MPa] Stress y [MPa] Stress x [MPa] Stress y [MPa] 
R= 141 N 
 
    
R= 212 N 
 
 
    
R= 283 N 
 
X 59/67mm 
Y 78/74mm 
Z 246/250 
    
 
 
For this smallscale KFAS with bendingactive elements, the more stretchable PUcoated 
polyester fabric is more suitable than the PVCcoated polyester since it proves to retain its 
pretension longer during the folding process. Furthermore, it proves to be interesting to use a 
membrane material with asymmetric properties, having a lower Emodulus in ydirection.  
Secondly, increasing the prestress improves the stress evolution, for the same final 
displacement of the loading points (both in y and zdirection). When looking at an 
asymmetric prestress, on the contrary, slightly lowering the prestress in y direction proves to 
improve both stress and displacement.  
Finally, adding an internal beam element improves the level of pretension of the bending
active KFAS during the deployment.  
 
This list of studied parameters is definitely not limitative and a lot of factors should still be 
investigated. Future work should also investigate the opening and closing mechanism and 
other practical aspects. Both for practical reasons and computational efficiency, it can be 
interesting to use an ultraelastic contracting cable element to pull the two ‘loading points’ 
towards eachother14. Besides the numerical analysis, the fabrication and experimental analysis 
of some physical models will be performed. 
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Nonetheless, this first attempt proves the feasibility of creating an interesting self
supporting membrane structure which is transformable. Improvements are made when looking 
to the preservation of the tension during all phases of the deployment.  
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